The genetic structure of a gramineous weed (Alopecurus myosuroides Huds.) was investigated by an electrophoretic survey of seven enzyme systems on 19 susceptible and herbicide-resistant populations collected in different countries. The results indicate that Alopecurus myosuroides is an allogamous self-incompatible plant with a high level of genetic polymorphism (60 per cent of loci polymorphic, average heterozygosity= 0.21) and with a very low genetic differentiation among populations (Nei's distances less than 0.06) from wide geographical origins. A comparison of expected and observed levels of heterozygosity indicates no significant departure from random mating. Furthermore, there is no evidence of differences between resistant and susceptible populations in any genetic parameter. This is the first example of no change in genetic structure within resistant weed populations after herbicide selection.
Introduction
One of the consequences of increasing pesticide use against pest species is the development of resistant populations. This has occurred in fungi (Leroux, 1987) , insects (Georghiou, 1990) , mammals (Bishop et al., 1977) and flowering plant weeds (Darmency & Gasquez, 1990) . More than 80 resistant weed species have already been described (Lebaron, 1991) . Almost all chemical herbicide groups have generated a resistance response in weed populations, either by target mutation or by detoxification. The resistant biotypes may invade a field within 5 years or less (MallorySmith et at., 1990) . Resistant populations provide extremely good models for the processes of rapid evolution under strong selection pressures.
Atopecurus myosuroides Hudson (black-grass or slender foxtail) is a serious annual winter weed in north
Europe where field conditions (farming methods, monoherbicide use) have led to the development of resistant populations. Resistance to several herbicides has been reported. Populations resistant to chlorotoluron (substituted ureas herbicide) have been observed in the U.K. (Moss & Cussans, 1985) , in Germany (Niemann & Pestemer, 1984) and in Spain (de Prado et *Correspondence at., 1991). The mechanism of resistance, at least in the British populations, is detoxification of the herbicide by non-specific cytochrome P-450 monooxygenase enzymes (Caseley et a!., 1990 ). This mechanism is nuclearly inherited and controlled by several genes (Chauvel, 1991) ; thus a resistant plant produces mixed susceptible and resistant progenies. Triazine-resistant populations have appeared in Czechoslovakia (Mikulka, 1987) and Israel (Yaacoby eta!., 1986) . Here resistance is due to mutation in the chioroplast DNA encoding the herbicide target as already described for many other species (McNally et at., 1987) and as for all the triazine-resistant species, all the progeny of a resistant plant are resistant (Darmency & Gasquez, 1990 ).
In addition, a resistance to fenoxaprop-P-ethyl has been recently selected in greenhouse plants (Chauvel et a!., 1992) . Thus Alopecurus myosuroides is a good species in which to study the genetic evolution of population structure under selection by different herbicides.
The general effect of farming is to reduce the variability in weed species (Warwick, 1991a) . For example, selection for triazine resistance can lead to a significant decrease in polymorphism (Al Mouemar & Gasquez, 1983; Warwick & Black, 1986) . Similar results have been found within resistant insect populations (Georghiou, 1990) .
There are, however, relatively few studies on resistant populations and none on species resistant to more 336 than one herbicide. The study of resistant black-grass populations enables a comparison of genetic evolution in the same species of herbicide resistances with different modes of inheritance (triazine resistance is maternally inherited (Darmency & Gasquez, 1990 ) and at least two nuclear genes encode for chiorotoluron resistance (Chauvel, 1991) ). The aim of this work is to describe the genetic structure of populations of the weed and to investigate the genetic consequences of the occurrence of two separate and genetically independent resistance mechanisms (detoxification and target mutation) within the same species. The pattern of genetic variability as revealed by isozyme variation within and between susceptible and resistant populations from different geographical origins is determined to check whether the selection of resistance genes is linked to a change in the genetic structure of the resistant populations. We also hope to gain insight into the effect of an outcrossing mating system on the evolution of resistant weed populations.
Materials and methods

Origin of populations
Nineteen populations were sampled from a wide range of agricultural conditions in France, the U.K., Germany and Israel (Table 1) . Nine populations (F1-F9) were collected in fields around Dijon in the Burgundy district of eastern France. These were all susceptible to all herbicides. Seeds collected in fields in Essex and Oxfordshire, where resistant plants have been observed (Moss & Cussans, 1985) correspond to English resistant populations Gi, G2 and G3. Population G4 is a seed sample collected in a field at Rothamsted that has never been treated with herbicides (Moss & Cussans, 1985) . As we have previously shown that the resistant populations were composed of susceptible and resistant plants (Chauvel, 1991) , the populations G5 and G6 were selected from G 1 and G2, respectively, by chlorotoluron treatments or fluorescence test. Two populations have been collected in Israel: one (Ii) resistant, the other (12) susceptible to triazines (Yaacoby et al., 1986) .
Methods
Foliar isoenzymes were separated by electrophoresis on a polyacrylamide gel using the method described by Ornstein (1964) and Gasquez & Compoint (1981) Lumaret (1981) and in Chauvel (1991) .
Analyses of the data have been performed using the computer program for analysis of allelic variation BIOSYS-1 (release 1.7). A set of standard genetic parameters has been calculated: average heterozygosity, Nei's unbiased distance, F-statistics. Formulae and references are given in Swofford & Selander (1981) . We have also calculated Marshall's index H (Marshall & Allard, 1970) and the estimator of the variance for this index E (Zhang & Allard, 1986) . where n = the total number of loci, H = the average diversity per locus and h,=the diversity of the Ith locus.
Results
Only enzyme systems with enough resolution to enable reliable interpretation have been used. The genetic variation in these systems and diagrams of the bands are given in Chauvel (1991) . A total of 31 bands has been distinguished for the four enzymes GOT, LAP, ACP and SOD.
Allellc frequencies
The loci were numbered 1 and 2 in order of distance, locus 1 being nearer the origin (the slower migrating). The 31 bands are governed by eight loci (24 alleles, seven heterodimeric bands), whose characteristics are summarized in Table 2 . Locus SOD] is always monomorphic (only one allele) and is not considered further.
Locus GOT2 is only variable in Israeli populations (Table 3 ). Some other rare alleles at LAP2, A CP2 and GOTI appear only for Israeli plants. The study of allozyme patterns at LAP2 revealed a low frequency (1 -5 per cent) of a null-allele within seven of the French populations; we postulated that this allele exists only in the homozygous state. All frequencies of the seven loci for the 19 populations are summarized in Table 3 . It is noticeable that the loci, except for SOD2 in the European populations, have a major allele with a frequency ranging from 75 per cent to 95 per cent and some rare alleles with frequencies around 10 per cent. The comparison of the allelic frequencies by x2 or G tests (test of homogeneity at P 5 per cent; data not shown) indicates that the frequency distributions can be dissimilar for a locus among the 19 populations; Israeli populations differ from the others in SOD2 allelic frequencies, German populations at the ACP2 locus. There is, however, no relationship between the presence or the absence of any allele and resistant or susceptible populations whatever the resistance; no allele or allelic frequency could be used as a resistance marker.
Intrapopulation variability
The intrapopulation variability of black-grass is estimated by the number of alleles per locus (2.2 to 3.3, Loveless & Hamrick (1984) for a polymorphic allogamous species (Table 4 ).
The value of the mean heterozygosity indicates that there is no significant departure from Hardy-Weinberg equilibrium (Table 4) . The mean heterozygosity always shows fewer heterozygous plants than expected, even though the difference is not statistically significant. Analysis of population structure was conducted with the F-statistics listed in Table 5 . The F, index (fixation index of individuals within the populations) has a high meanvalue (0.176) which confirms the deficiency of heterozygotes observed with LAP and ACP enzymes. But the low mean value (0.023) of F (fixation index among populations) indicates a panmictic structure. Fstatistic values show a high level of differentiation within the populations and a very low variability between populations. It is impossible to distinguish resistant from susceptible populations in terms of either allelic diversity (alleles per locus), heterozygosity or percentage of polymorphic loci.
Interpopu/ation variability The interpopulation genetic diversity can be estimated by using the Marshall index on six loci. The population A2 has the lowest diversity index. Israeli populations have a genetic diversity lower than European populations due to the locus SOD2 (Table 6 ) but standard errors indicate that the differences between geographical areas are not statistically significant.
Genetic distance between each pair of populations is very low: 0.000-0.0 13 within the European populations and 0.000-0.058 with the Israeli populations included. These two last populations are very similar, despite the fact that Ii and 12 are resistant and susceptible to triazines, respectively. The average genetic distances (cluster analysis) between all populations revealed no important separation (Fig. 1) (Table 6 ). In the same way, values of susceptible and triazine-resistant populations are not statistically different. Furthermore, herbicide-resistant populations are not close in the cluster analysis (Fig. 1) ; susceptible and resistant populations from the same geographical area show no genetic differentiation. Naturally resistant populations (Gi, G2 and G3) and selected progenies (G5 and G6) are similar to the English susceptible population G4.
There is no level of cluster, even very low, which enables a distinction to be made between the chlorotoluron-resistant populations from Germany or the U.K. It seems that the development of a resistance mechanism did not lead to genetic differentiation or to a change in the genetic structure of the resistant populations in comparison with the susceptible ones. not studied. 
Discussion
Weed species are good models for the study of genetic selection because their evolution under very strong herbicide modification pressure (more than 90 per cent of mortality after each treatment) is obvious in a few generations. We have shown that Alopecurus myosuroides is allogamous (as was assumed by Johnsson (1944) , Menck (1968) and Naylor (1972) on the basis of its flowering characteristics, wind-pollination and protogynous flowers). We have previously
shown that the percentage of viable seeds after enforced self-fertilization is very low (partial selfincompatibility, Chauvel, 1991) . Furthermore, levels of genetic variation are those expected with an outbreeding mating system as in this species. The number of (Chauvel, 1991) . So the field (limit of our sample)
could include several subpopulations. If we consider the mean heterozygosity calculated for the seven loci, * * Gi black-grass populations fit with panmixia equilibrium:
it seems that genes are mostly exchanged at random field could correspond to the limit of the effective population.
** *
As for all the sampled populations, the very low clustering level of the dendrogram based on Nei's genetic distance revealed no separation of the different geographical populations, even for the Israeli group. We have also already shown that these populations have the same major phenotypes at similar frequencies (Chauvel & Gasquez, 1988) . There is little phenotypic variability among populations and the small differences are not connected with geographical origin or resistance.
Low genetic differentiation is not due to a lack of polymorphism but to similar levels of intrapopulation variability.
Studies of genetic variation of weeds (and invaders generally) after their introduction (Warwick et at., 1987) in a new geographical area have shown that an outcrossing mating system reduces the effect of genetic drift in comparison with a strong inbreeding mating system (Warwick, 1991a; Bosbach & Hurka, 1981) . As for black-grass, only constant gene exchanges by pollen dispersal (close populations) or by seeds (distant populations) with crops could explain such identical frequencies among populations. Thus, the low genetic differentiation among populations of wide geographical origin is not easy to explain because the population distribution is discontinuous and because black-grass grows only in winter cereals. Furthermore, the populations of this weed are not as large as in the past and black-grass has been regarded as a serious weed only in recent years (Naylor, 1972) .
The genetic polymorphism of populations subjected to a high herbicide selection pressure is generally reduced because of the low number of surviving plants.
These results have been shown already within resistant fungi and insect populations (Leroux, 1987;  .04 .03
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************************************ alleles (about 2.2), the percentage of polymorphic loci (more than 60 per cent) and the average heterozygosity (about 0.21) are similar to those described for many allogamous species in the literature (Brown, 1979) .
The index values we obtained are almost identical to those described for Apera spica-venti, a weed ecologically close to black-grass (Warwick et al., 1987) . The level of genetic variation in black-grass populations is in accordance with the results generally observed for an outcrossing species: high variability and reduced divergence between populations due to pollen flow (Hamrick et at., 1979; Loveless & Hamrick, 1984) . The results of this study match also the high level of polymorphism observed in the morphological characteristics of black-grass: leaf area, spikelet size, tillers and anther colour (Menck, 1968; Naylor, 1972) . The deficit of heterozygosity observed at three loci (LAP] , LAP2, ACP2) is also often observed in outbreeding species (described by Brown (1979) as the heterozygosity paradox). Georghiou, 1990) . The same results have been found for predominantly autogamous triazine-resistant weeds, such as Amaranthus retroflexus (Warwick & Black, 1986) . Within an allogamous species, Chenopodium album, it has been shown by Al Mouemar & Gasquez (1983) that the rate of phenotypic polymorphism is very high in gardens, reduced in treated fields and reduced to only one phenotype in the triazine-resistant populations. Recent results have shown that within an allogamous weed (Brassica rapa), the triazine-resistant populations have only a slightly reduced genetic variability (Warwick & Black, 1993 (Chauvel, 1991) . As the species is highly allogamous, most of the surviving plants are heterozygous for almost all the characters. Thus each year, plants heterozygous for resistance survive the treatments and produce susceptible genotypes within their progeny. The genetic identity observed could be explained by continuous genetic exchanges between resistant and susceptible plants favoured by allogamy within progenies of surviving plants. As the chlorotoluron resistance is a polygenically inherited mechanism (Chauvel, 1991) it is possible that independent resistance genes have spread for a long time within 'wild' populations before herbicide treatments.
As we have previously shown that there is no significant difference in the fitness of susceptible and resistant biotypes (Chauvel, 1991) , we can assume that these genes are randomly distributed within the genotypes so that the plants surviving the herbicide would be a statistical sample of each population.
The first results on resistant weed populations were obtained for chloroplastic-triazine resistance. The cytoplasmic monogenic inheritance and the mechanism of this resistance explain to a great extent the characteristics generally observed within resistant populations: reduced genetic variability and lower fitness, respectively (Warwick, 1991b) . Our data on Alopecurus myosuroides are the first results on a weed with a polygenically inherited resistance mechanism due to a detoxification. These characteristics lead to peculiar consequences: no mutation cost and reduced spreading ability of resistant biotypes. Such a case has not been generally examined in the previous models predicting resistance development (Warwick, 1991b) . Therefore, from a genetic point of view, chlorotoluron resistance outcomes are different from other resistances: there is no invasion of resistant black-grass in cereal fields as for triazine-resistant Chenopodium album biotypes in maize fields (Gasquez, 1985) or of resistant insect populations (Georghiou, 1990) . Furthermore, as the chlorotoluron-resistant biotypes also survive many other herbicides by cross-resistance (Chauvel, 1992) , the resistance genes will certainly persist in the fields even if chlorotoluron selection stops. These newly selected resistances (substituted ureas or phenoxypropanoates resistance), will lead to increasing agronomical problems but without affecting the overall genetic structure of these weed populations.
